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Sets of low-energy structures were determined by energy calculations for two cyclic analogues of enkephalin (Ek), 1 
[D-Per?, D-Per?]-Ek and [D-PmnS]-Ek, possessing the highest specificity towards 6-opioid receptors. Comparison 
of mutual spatial orientations of the a-amino group and aromatic moieties of the Tyr and Phe residues permitted one 
to suggest a model for the &receptor-bound conformation of enkephalin-related peptides. The model involves a pro- 
nounced y-like turn of the peptide backbone centred on the Cl? residue. 
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1. INTRODUCTION 
Presently, the existence of at least three 
subclasses of opioid receptors, designated ,u, 6 and 
X, has been shown quite reliably (e.g. [l]). It hat, 
been demonstrated, too, that the p- and S-opioid 
receptors require different receptor-bound 
conformations of enkephalin and its analogues [2]. 
For example, the conformationally restricted cyclic 
analogues Tyr-D-Pkn-Gly-Phe-D-P& (ID- 
Pkn2,D-Pkn’]-Ek, molecule I; Pen is penicil- 
lamine alias fi,&dimethylcysteine) and Tyr-D- 
I I 
Pkn-Gly-Phe-Pen ([D-Pkn’,L-Pen’]-Ek, molecule 
II) [3] have the highest so far reported selectivity 
towards &opioid receptors among enkephalin-like 
peptides (11. Recently, some differences in the 
‘averaged’ conformations of molecules I and II in 
water solution were determined by NMR 
spectroscopy [4]. The enkephalin a-amino group 
and the aromatic moieties of the Tyr and Phe 
residues are commonly suggested to be the key 
elements essential for a particular bioactivity of the 
molecule [ 11. Thus, our aim was to search for low- 
energy three-dimensional structures of both 
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molecules with geometrically similar relative 
spatial orientation of these key elements in order to 
propose the model for the d-receptor-bound 
conformation of enkephalin. 
2. METHOD 
Energy calculations were performed using the parameters 
described in [5,6] (methyl substituents at the &atoms were 
regarded as united centres). All combinations of the local 
energy minima of peptide backbone for a single residue [7] and 
those of the side chain rotamers of D-Pen* and D/L-Pen’ 
residues providing correct ring closure were considered as 
probable conformations for both molecules. 
Geometrical similarity shared by the pair of conformations 
was assessed calculating mean-square deviation D for the best 
spatial fit of the given atoms [8]. The two conformations were 
regarded as similar when D was below the chosen level DO. 
3. RESULTS 
Energy calculations revealed 19 low-energy 
structures for molecule I (75 structures for 
molecule II) with the relative potential energies AU 
= I/ - Lrmin < 6 kcal/mol allowing disulphide 
bridge closure without sterical hindrance when 
energetically optimal Tyr and Phe side chain 
rotamers were selected (the optimization procedure 
is described in [9]). 
Comparison of the relative spatial arrangement 
of the a-NH3 group and Cm- and CB-atoms of Tyr 
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and Phe within the calculated conformation sets 
resulted in several classes of geometrically similar 
(D,, = 0.1 A’) peptide backbone structures for 
both molecules. Additional energy calculations 
were performed for conformations with the lowest 
potential energy within each class taking into ac- 
count all possible combinations of Tyr and Phe 
side chain rotamers. The low-energy conforma- 
tions (AU < 6 kcal/mol) selected at this step of 
calculation (22 structures for molecule I and 36 
structures for molecule II) were then subjected to 
the same kind of geometrical comparison as that 
used previously, considering the relative spatial ar- 
rangement of the a-amino group and C”-, C@-, CY- 
and C?-atoms of Tyr and Phe (Do = 1.0 A2). Thus 
the comparison procedure concerned only confor- 
mations of the Tyr-D-Pen-Gly-Phe fragment for 
both molecules. 
As a result, four low-energy backbone structures 
of this fragment in molecule I were shown to share 
geometrical similarity with one or several of the six 
low-energy structures of molecule II and vice versa 
(table 1). TY* 
4. DISCUSSION 
Despte marked similarity in the overall spatial 
organization of conformations, listed in table 1, 
they can be divided into three main types: (i) with 
the y-turn centred on the Gly3 residue and stabi- 
lized by the (Phe)NH . . . OC(D-Pen’) hydrogen 
Fig. 1. Three types of y-like turn in the Gly3 region of peptide 
backbone inherent to the suggested J-receptor-bound 
conformation. 
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Table 1 
Conformations of the peptide backbone fragment l-4 of molecules I and II sharing geometrical similarity as 
revealed by intermolecular fitting procedure (angles given in degrees) 
Compound Struct Struct ‘br D-Pen ClY Phe 
type number 
+J Q !fJ 6 G 4 G 
[D-I&?&&‘]-Ek I 1 161 15 -139 51 -37 -144 -43 
2 159 144 -98 85 -71 -155 -56 
II 3 158 71 - 143 IQ 27 -165 -60 
4 156 140 - 143 68 27 -165 -59 
[D-P&,L-P.&r’]-Ek I 1 161 74 - 137 30 -64 -88 3 
2 160 18 - 150 17 -78 -76 -31 
II 3 159 17 - 143 76 29 -167 -53 
4 161 137 -144 76 29 -167 -52 
III 5 162 69 - 141 97 -83 -149 73 
6 161 146 - 133 82 -92 -109 67 
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bond, the NH group of D/L-Pen’ being directed 
‘inward’ (fig.la); (ii) with the y-like turn without 
hydrogen bonds, the Phe and D/L-Pen’ amide 
protons being oriented ‘inside’ the turn (fig.lb); 
(iii) with a distorted y-turn, the Phe NH group be- 
ing directed ‘inward’ and the same group in D/L- 
Pen’ directed ‘outward’ (fig.lc). It should be noted 
that shielding of the D-Pen’ NH from the solvent 
has been suggested for molecule I also from the ex- 
periment in [4]. 
Comparison of the structures listed in table 1 
with the low-energy conformations of Leu- 
enkephalin [lO,l l] performed by the same pro- 
cedure revealed a certain similarity shared by 
several structures, the x1 (Tyr and Phe) values be- 
ing nearly 180” (see table 2). The y-like turn 
discussed here centred on the residue in position 3 
remains in these enkephalin conformations, 
although the overall shape of the molecular 
backbone resembles the P-II- or &II ’ -turn centred 
on the Gly3 and Phe4 residues (fig.2). 
Generally, it can be concluded that the 6- 
receptor-bound conformations of enkephalin and 
its analogues should involve a pronounced y-like 
turn in the peptide backbone centred on the Gly3 
residue. In such a model the relative spatial orien- 
tation of the Tyr and Phe aromatic moieties cor- 
responds to an extended molecular structure rather 
than to a folded one (see table 2), which does not 
contradict the conclusions reached in a recent work 
WI. 
Table 2 
Geometrically similar conformations of the Leu-enkephalin molecule and its cyclic analogues (example; angles given in degrees) 
Compound Struct. Tyr (D-Pen)/Gly ClY Phe (D/L-Pen)/Leu 
type 
ti 4 x1 4 4 XI 4 + 4 4 XI 4 $ XI 
[D-Pin’,D-Pet&Ek II -64 144 180 70 -143 174 69 27 -165 -58 175 131 -146 -69 
[D-Pkr?,L-P&r’]-Ek I -64 147 180 71 -150 -70 77 -78 -77 -38 180 -83 139 72 
II -64 144 180 70 - 143 174 75 29 -167 -62 180 -70 148 75 
Leu-enkephalin p-11’ -62 121 -177 155 176 - 69 -91 -82 -36 179 -158 111 175 
p-11’ -63 119 180 160 176 - 69 -96 -79 -34 180 - 157 106 177 
B-11’ 180 139 179 155 -50 - -154 79 54 31 -162 - 161 126 176 
Fig.2. Stereoview of the B-receptor-bound conformation. The peptide backbone, disulphide bond, aromatic acid side chains and (Y- 
I \ I 
amino group (circle) are depicted. [D-Pen’,D-Pen’]-Ek, [DPen*,L-Pens]-Ek, and enkephalin are drawn in thick, normal and thin line, 
respectively. 
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